Because of the atomic nature of the system under study, an estimation of the temperature of the conductive filament (CF) in OxRAM devices as a function of the applied bias can only be obtained by means of indirect methods, usually electrothermal simulations. In this paper, a heuristic approach that combines time-dependent dielectric breakdown (TDDB) statistics for the electroformed device with field and temperature-assisted ionic transport within the framework of escape rate theory is presented. Extended expressions for the time-to-failure acceleration law (E-model) and for the Kramers' rate compatible both with the standard models at moderate/high biases and with the principle of detailed balance at equilibrium are
Introduction
OxRAM (Oxide-based Random Access Memory) is a serious candidate for the next generation of non-volatile memory devices and neuromorphic circuits [1] . Basically, its operating principle consists in the formation and dissolution of a section (or gap) in a metal or oxygen vacancy pathway (the conducting filament) spanning the oxide film in a MIM structure. These two states are often referred to as the low (LRS) and high (HRS) resistance states, respectively, and they correspond to one bit of information. While the electron current magnitude is associated with the read operation, ion displacement is the basis for the erase (RESET) and write (SET) processes. This technology has demonstrated high switching speed, endurance, scalability, low power consumption, and integration feasibility in the form of 3D stacks [2] . However, its ultimately success will rely on a deep understanding of the many physical factors affecting its performance and reliability. One of these factors that still remains vaguely defined because of the local and atom-sized nature of the problem is the temperature associated with the formation (SET) of the CF. Several works have contributed to get insight into the role played by temperature in the SET and RESET processes of OxRAM devices, the vast majority based on solving the heat equation with charge transport within a classical framework [3] [4] [5] . The identification of the device/environment temperature with the CF temperature is also an issue that demands attention. In this work, a heuristic approach that combines a phenomenological model (time-to-failure acceleration law) with a very fruitful theory which is at the heart of many scientific disciplines including physics, chemistry, engineering, and biology: the transition or escape rate theory, is proposed for estimating the CF temperature. As it will be discussed here, both formulations share a common origin but are not fully equivalent. The idea of noise-activated escape from a metastable state, masterly developed by Kramers following the pioneering works of Arrhenius and many others [6, 7] , establishes that a (fictitious) particle located at the bottom of a potential well, which accounts for the action of a field of force, may have enough energy because of thermal agitation to escape over the saddle point of a potential barrier. At the end, this can represent a chemical bond breakage or the diffusive movement (hopping) of atomic species in a tilted periodic potential. The minimum energy required to overcome the barrier separating the initial and final states is called the activation energy EA. Temperature comes into play from the Langevin equation and the fluctuation-dissipation theorem. In rate theory, the possibility of recrossings of the saddle point is often neglected because of a marked asymmetry in the transition processes. However, expressions that obey the principle of detailed balance [6] , a relevant feature for a successful comparison between both approaches (acceleration law and escape rate theory), are shown to be necessary when the system is close to the equilibrium point, i.e. when V→0V.
Experimental data and conventional approach
The devices used for this investigation are 1T1R structures. The switching cell consists in a 10nm-thick HfO2 film deposited by ALD and sandwiched between TiN and Ti electrodes.
The cell is connected in series with an NMOS transistor. Current, voltage and time (I-V-t) measurements were performed using a Keithley 4200-SCS semiconductor parameter analyzer combined with a 4225-RPM pulse generator unit. Uniform acceleration is observed with an average shape factor β=1. 17 . Figure 3 .b shows that the phenomenological exponential TF (time-to-failure) model:
where
closely agrees with the experimental data for different cumulative fractions (F). The fitting constants are 0=3.4610 7 s and =47.6V -1 (voltage acceleration factor). This is the standard approach for reliability analysis of thin oxides often linked to the thermochemical model (Emodel) [9, 10] . However, notice that Eq. (1) yields a long yet finite  for V=0, which is rather questionable (recall that thermal noise is always present). We can approximately associate (F=0.5) (Eq. (2)) with the mean passage time over the activation barrier. Now, we turn the attention to Kramers' escape rate theory which expresses the passage time as:
where 0 , =1.4310 -14 s is the inverse of the Hf-O bond vibration frequency [11] , EA=1.25eV for HfO2 [12] , 01 a lowering barrier factor, and kBT the thermal energy. Eq. since T is absent in the former expression. This feature has been previously reported for thin films [13, 14] and has been ascribed to the collaborative effect of many simultaneous reactions. In [9] ,  is assumed to depend linearly on T, but no physical justification is 6 provided.
Extended models
Now we proceed to extrapolate the above expressions to the very low voltage regime so as to make them compatible with the standard approaches (Eqs. (1) and (3)) at moderate/high bias and consistent with the principle of detailed balance at equilibrium, i.e. (V→0)→. Eq.
(1) becomes:
where 01 is a dimensionless factor that takes into account the possible asymmetry in the forward and backward transition rates [6] and  is a constant. Taking /=, Eq. (4) coincides with Eq. (1) in the limit V/>>1. As far as kBT is associated with the thermal noise at the bottom of the wells, /=1/=0.021V can be interpreted as the noise strength in a generalized potential V [7] . While Fig.4 .a illustrates a process in which the system can go back and forth in the reaction coordinates (progress along a reaction pathway) of a symmetric double-well potential, Fig.4 .b shows the case for a reaction occurring in a preferred direction (asymmetric transition). The particle here represents the free energy state of the system. The result of this extrapolation can be seen in Fig.5 . Notice that  largely increases at very low applied biases depending on the asymmetry () of the reactions. Although this behavior is qualitatively in agreement with previous reports [15] , an alternative extrapolation law cannot be ruled out.
Following similar arguments (k=k + -k -), Eq. (3) can be extended as:
Eq. (5) is consistent with Crooks' theorem (fluctuation-dissipation theorem) for the ratio of the reaction rates [16] :
which states that the work performed in the transition is eV and the entropy production eV/T.
Figures 4.c-d illustrate the transition process in spatial coordinates. While in equilibrium there
is no preferred direction for the ion flow (see Fig.4 .c), under nonequilibrium conditions (biased periodic potential), ion displacement is unidirectionally activated (see Fig.4 .d). This latest process will ultimately fill the gap with oxygen vacancies leading the device to LRS. It is implicitly assumed that thermalization takes place after each ion jump leading to a memory loss effect (not to be confused with the memristive effect). Notice that Eq. (5) is widely used to describe the ion flow in OxRAM and CBRAM (conductive bridge) devices [17] . The ion current model is often identified with the Butler-Volmer equation [18, 19] , which is one of the most fundamental relationships in electrochemical kinetics. In this latest case, EA is associated with the so-called overactivation potential and  with the charge transfer coefficient.
Results and conclusions
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The central idea of our paper is that the CF temperature can be estimated matching Eqs. (4) and (5) and solving for T. Eq.(5) explicitly depends on T while Eq. (4) does not. In other words, we are looking for the temperature values that reconcile both approaches. To this end, identical extrapolation laws were assumed in Section 3. In general, the problem has to be solved numerically. The obtained results for some specific conditions are plotted in Figs. 5 and 6. As expected, as the voltage increases, the SET time decreases and the temperature at which this event occurs increases. Moreover, as illustrated in Fig.6 , this behavior is fully consistent with the electrothermal model predictions [3, 17] . F determines which percentile of the devices we are dealing with. For each voltage, there is a temperature range because of the different morphologies of the CF and gap region. Data dispersion is often neglected in electrothermal simulations. Notice that the extended models presented in Section 3 allows us to examine in detail the very low bias regime where no experimental data are available.
In order to achieve better insight into the model results, an approximate closed-form expression for the CF temperature can be obtained neglecting the backward reactions in Eqs.
(4) and (5) . In this case, the temperature reads:
which yields T(0V)=297K for F=0.5 as expected for equilibrium conditions. A comparison with the numerical solution for T(V) is shown in Fig.7 . The difference is only significant for V<0.1V. The question is how good Eq. (7) is for calculating T(0V) given that it arises from a partial description of the problem. If, for the sake of simplicity, symmetric transitions (==0.5) are considered in the extended expressions, the matching condition for V=0V reads:
whose solution is:
From Eq. (9), T(0V)=302K for F=0.5 is found which is very close to the value obtained from
Eq. (7). W-1 in Eq. (9) T aprox =0.6
T aprox =0.7
T 50% =0.5
T 50% =0.6 T 50% =0.7
